The kinetics of formate metabolism in Methanobacterium formicicum and Methanospirillum hungatei were studied with log-phase formate-grown cultures. The progress of formate degradation was followed by the formyltetrahydrofolate synthetase assay for formate and fitted to the integrated form of the MichaelisMenten equation. The Km Formate is a common precursor of CH4 produced in anaerobic habitats (1, 3, 5-8, 13, 14). Approximately 18% of the CH4 produced in the rumen is derived from formate, and the balance is derived from H2-CO2 (5). The lowest concentration of formate that supports methanogenesis of H2-CO2-grown Methanobrevibacter ruminantium is greater than the extracellular formate concentration of rumen contents, which suggests that formate is first converted to H2 and CO2 by nonmethanogens (5). In nonrumen habitats most of the CH4 produced is derived from acetate, and the balance is derived from formate and H2-CO2. The rate of CH4 production in marine and freshwater sediments is stimulated by the addition of formate (6, 7, 13, 14) . H2 is produced from the addition of formate to freshwater sediment (13). However, H2 concentrations are not high enough to account for the increased rate of CH4 production, and the authors speculate that methanogens directly utilize formate (13). Approximately one-half of all methanogens in pure culture can utilize formate as the electron donor for methanogenesis, and growth rates of formate-or H2-CO2-grown cultures of Methanobacteriumformicicum are similar (11). Studies of the kinetics of formate and H2-CO2 metabolism by pure cultures can provide information about the relative importance of these substrates in methanogenic habitats. This communication reports on kinetic studies of formate metabolism in cultures of Methanobacterium formicicum and Methanospirillum hungatei.
Formate is a common precursor of CH4 produced in anaerobic habitats (1, 3, 5-8, 13, 14) . Approximately 18% of the CH4 produced in the rumen is derived from formate, and the balance is derived from H2-CO2 (5) . The lowest concentration of formate that supports methanogenesis of H2-CO2-grown Methanobrevibacter ruminantium is greater than the extracellular formate concentration of rumen contents, which suggests that formate is first converted to H2 and CO2 by nonmethanogens (5) . In nonrumen habitats most of the CH4 produced is derived from acetate, and the balance is derived from formate and H2-CO2. The rate of CH4 production in marine and freshwater sediments is stimulated by the addition of formate (6, 7, 13, 14) . H2 is produced from the addition of formate to freshwater sediment (13) . However, H2 concentrations are not high enough to account for the increased rate of CH4 production, and the authors speculate that methanogens directly utilize formate (13) . Approximately one-half of all methanogens in pure culture can utilize formate as the electron donor for methanogenesis, and growth rates of formate-or H2-CO2-grown cultures of Methanobacteriumformicicum are similar (11) . Studies of the kinetics of formate and H2-CO2 metabolism by pure cultures can provide information about the relative importance of these substrates in methanogenic habitats. This communication reports on kinetic studies of formate metabolism in cultures of Methanobacterium formicicum and Methanospirillum hungatei.
MATERIALS AND METHODS
Organisms and culture media. Methanobacterium formicicum strain JF-1 and Methanospirillum hungatei strain JF-1 were isolated from a benzoate-degrading consortium (3) and are described elsewhere (2, 11 (4, 11) . Growth with formate was done in a fermentor fitted with electrodes connected to a pH controller which contained a reservoir of formic acid (11) . As the culture metabolized formate, the pH was maintained at 7.6 ± 0.05 by the automatic addition of formic acid with the controller. N2 was sparged through the fermentor culture at 30 ml min-' liter-', while the culture was stirred at 400 rpm.
Growth studies. Cell dry weight was determined as previously described (11 Dissolved H2 in the culture medium was determined as described previously, except that cells were excluded from the sample by dialysis tubing which surrounded the fermentor sampling tube (11) . Removal of cells was necessary to avoid rapid utilization of H2 in the sample before analysis.
Formate was determined in culture filtrates by the formyltetrahydrofolate synthetase method, using enzyme from Clostridium cylindrosporum (a gift from J. Rabinowitz) (9) Enzyme assay. Crude cell-free Methanospirillum hungatei extract was prepared by passage of cell slurry through a French pressure cell followed by centrifugation of the broken cell suspension as previously described (4). The assay for formate dehydrogenase was performed at 25°C by following formatedependent reduction of methyl viologen at 603 nm (e63 = 11.3 mM-1 cm-') with a Perkin-Elmer model 552 spectrophotometer. The standard reaction mixture (0.75 ml) contained, in micromoles: 2-mercaptoethanol, 15; potassium phosphate buffer (pH 7.5), 45; and methyl viologen, 15 . The reaction mixture was degassed with 02-free N2 in a cuvette sealed with a serum stopper. Endogenous activity was recorded after the addition of enzyme, and the reaction was initiated by the addition of sodium formate.
RESULTS
Kinetic parameters. Figure 1 shows a representative progress curve of formate degradation by a single formate-grown culture of Methanobacterium formicicum. When the culture reached log phase, the formic acid reservoir was replaced with acetic acid, which maintained the pH at 7.6 ± 0.1 as the formate was degraded. Acetate is not used as a substrate for methane production by Methanobacterium formicicum. Below approximately 1.0 mM formate, the rate of degradation was concentration dependent; between 95 and 26 ,uM the degradation of formate was very slow. The calculated Km (Fig. 1 throughout the growth of Methanobacterium formicicum when both substrates are above saturation (11) . Figure 3 shows the effect of the dissolved H2 concentration on the rate of H2 uptake by cultures of Methanobacterium formicicum with and without formate present. When a single formate-grown culture reached log phase, 20%o C02 was included in the sparge gas, and the percentage of H2 was adjusted to provide the range of dissolved H2 indicated. The balance of the gas was N2. The flow of gasses through the fermentor was 400 ml/min, and the culture was stirred at 500 rpm. The new rate of H2 uptake at each dissolved H2 concentration was recorded when the rate became constant, which was 10 to 15 min after adjustment. H2 uptake was determined by the difference in the rates of H2 to and from the fermentor. The concentration of formate (48 ± 1 mM) and the pH (7.6 ± 0.1) were kept constant by the pH controller. With these conditions, H2 production from formate is not significant (11) . The those described for the formate-grown culture, and the pH was 7.1 throughout. H2 uptake is reported on a dry-weight basis for comparison.
The Vmax was 174 and 48 mmol of H2 h-1 g-1 (dry weight) in the absence and presence of formate, respectively. When formate was present, the rate of H2 uptake was depressed in the range of 0.5 to 106 ,uM dissolved H2. At 1 ,uM dissolved H2 the rate of H2 uptake in the presence of formate was 28% of the rate in the culture without formate. Formate did not significantly affect the Km for H2 uptake (6 p.M) in Methanobacteriumformicicum. No attempt was made to determine the effect of dissolved H2 concentration on growth. Table 1 shows the effect of dissolved H2 concentration on the percentage of methanogenesis supported by H2 when formate was present above saturation. The data in Table 1 were obtained when the culture (Fig. 3) was maintained at 48 mM formate. When dissolved H2 was also present above saturation (106 ,uM), H2 contributed approximately one-half of the electrons for methanogenesis. The percentage of H2-supported methanogenesis decreased when the dissolved H2 concentration was below saturation, which indicated that formate was the preferred substrate with these conditions.
Response to release of substrate limitation. Figure 4 shows the rate of growth and methanogenesis after a saturating amount of formate was added to a formate-limited culture of Methanobacterium formicicum. When the culture reached early log phase the formic acid reservoir was replaced with acetic acid to allow formate to decrease below 1.0 mM (24 h, arrow), after which time formic acid was returned to the reservoir. At 81 h (arrow) formate was increased to 25 mM by the addition of sterile 50% sodium formate to the culture. Between 24 and 81 h formate ranged from 30 to 155 ,uM, with a total of 133 mmol of formate consumed (data not shown). The fluctuation in the rate of methanogenesis apparently resulted from the fluctuation in formate concentration. Growth and H2 production (0.18 mmol h-1 g-1 [dry weight]) (data not shown) was insignificant during substrate limitation, which showed that the formate consumed (5.8 mmol h-1 g-1 [dry weight]) was primarily used to support methanogenesis for maintenance energy requirements. Methanogenesis was stimulated less than 30 min after formate was increased to above saturation (81 h), and growth followed with no apparent lag. The rate of formate utilization during growth was 42 mmol h-1 g-1 (dry weight). The doubling time was 14 h, which was near the optimum of 11 h reported for formate-grown Methanobacterium formicicum (11) . DISCUSSION The concentrations offormate metabolized by formate-grown Methanospirillum hungatei and Methanobacterium formicicum were lower than those reported for the H2-CO2-grown rumen strain of Methanobrevibacter ruminantium (260 ,uM) (5). These results indicate that the Km for formate uptake by Methanobrevibacter ruminantium is greater than the Km values of Methanospirillum hungatei and Methanobacterium formicicum. The Km for formate uptake of Methanobrevibacter ruminantium and other species of rumen methanogens is unknown.
Both species used in this study were from a consortium which produced extracellular formate in the range of 0.57 to 0.83 mM during the degradation of benzoate to CH4 (3). The kinetics of formate uptake suggested that formate was directly metabolized by these methanogens in this habitat. The possibility that formate was also metabolized to H2 and CO2 by formate hydrogenlyase of nonmethanogens was not investigated in this study.
Formate concentrations (0 to 7 mM) reported for in vitro methanogenic cultures of human intestinal organisms are also in the range metab- H2 metabolism by Methanobacteriumformicicum is severely depressed when formate is above saturation and dissolved H2 is in the range reported for anaerobic habitats (0.2 to 3 ,uM) (5, 13, 15) . Formate concentrations reported for in vitro methanogenic cultures of the human large intestine (7 mM) and whole rumen contents (8 mM) are approximately 10-fold greater than the Km for formate uptake by Methanobacterium formicicum (5, 8) . It is interesting to postulate that nonformate-utilizing methanogens are the primary organisms which maintain low dissolved H2 concentrations in anaerobic habitats when the formate concentration is greater than the Km for formate uptake of formate-utilizing methanogens. The depression of H2-supported methanogenesis by saturating formate is also interesting because it implies a form of substrate regulation of metabolism.
Formate dehydrogenase is not present in the periplasmic space of M.formicicum, and it is not located on the outer aspect of the cytoplasmic membrane (11; unpublished data), which indicates that formate is transported across the cytoplasmic membrane. The apparent Km values for formate by formate dehydrogenase of Methanobacterium formicicum and Methanospirillum hungatei are below the Km values reported here for formate uptake by whole cells, which suggests that formate is not actively transported by these species.
